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Abstract
Results are presented from tests of the [rirst
full lenglh probotype 58C dipole magnet. The
cryogente  behavior of the magaet during a silow
conldown to 4.5K and & slow warmup Lo raom temperature
has becen measured. Magnetiaz fleld quality Was
measured at currents up to 2000 A, Averaged over the
body Field all harmonics witn the exception of b, and
b, are al or within tno tolerances specified by Lhe
85C Central Design Group., {(The values of b, and b,
result  Trom  known  design and  construction defects
which will be corrected in later magnets.) Using an
HMR  probe the average body ficld strength 1s medasured
to be 10.283 G/A with point Lo palnt varjations on the
order of one part In 1000, Data are preseated on
quench  behavior of the magnet up to 3560 A
(approximately 50% of rull fieald) including
longitudinal and transverse velocities for the first
250 maec of the quench,

In this papsr We present test results from  the
first Full scale prototype magnat! for the proposed
Superconducting Super Collider (S5C).7 A cross section
of this magnet {designated design D) 1is shown in
Fig. 1. Tne magnet has a "cosp" style coil with a
4 om aperture and a magnetic length of 16.6 m. The
operating field is 6.6 T at a current ol BUCGD AL The
coil Ia coliared with stainless steel laminations and
surrourded by a cylindrical iron yoke witn an  inner
diameter of 11 om  and an  outer dismeter of 27 om.
Inside the main coil is a supesrconducting sextupole
trim coll wound on  the bean pipe. This coil
compensates For distortions of the dipole field due to
peraistent  current  effects  at low field and ts iron
saturation abt  high field. The ooll is cooled
primarily by heat conductlon through the collar and
yoke laminations to U4.5K, ¥ atm heliun flowing in Cour
coalant channels in the iron,.  Appraoximately 1% cof Lhe
flow pazses theough the 1.4 mm annular  space  betwecn
the teim and main ceils Lo previde good heat
conduztion fram the beam pipe and the coil to tho
collars.

The oryostat?®  ineludes  aluminue  heat  shields
operating st 20K and 80X inside a 52 cm dlameter
gamign vessel made of mitd steels The wold maus i3
supported by Cive pesedbeant posts mde of Piborglass
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reinforced plastic {FRP) tubes with metallie
junctions, Ths magnet is free to slide longltudinally
on four of Lhe five poats to allow for thermal
contraction, while axial restraint is provided at the
center post by bLwo FIRP  anchors which run at an
approximately 30 degree angle betuween the base of  the
post  and  the cold mass. The cold mass of one magnet
iz connected to the next by & bellows assembly with a
diameter egual to the cold mass, yielding a reservolr
af N3 licwrs of helium betweoen magnets,
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Figure 1. S3C dipole magnet oold mass cross sectlion.

Test Fanility

The teats reported here were carried out at  the
Fermilab Magnet Development and Test Facility. This
facility has been previocusly used for production
testing of superconducting magnets fer the Tevatrong
one Tovatron test stand was replaced for these testas.
Liquid helium §s provided by a OTI-1500 refrigerator,*
while electrical power for the magnet Is supplied by
two Transrex power supplles.

Cryogens From the refrigerator and electric power
and  instrumentation  lines  are routed Lo the pagnet
undar test Lhrough a "feed can" whose end simulabes a
nelghbsring  magnet. Four atmesphere, H.5K  hellum
flows through the magnet cold mass and  at the
Pturparouintd can"  is directed back through the liculd
raoturn line in the magnel erycstat. Tn the feed can,
part of the returned helium passes bthrough a J-T valve
into Lhe snell side of a heat exohanger  to conl Lhe



incoming helium. The outflow from the heat exchanger
is recomhined with the remainder of the helium and is
directed through the magnet gas return line. At the
turnaround the helium {s returned to the feed can
through the 20K shield. This mode of operation puts
the 20K shield at approximately 4.7¥. The 80K shield
Is cooled Dby 1l1liquld nitrogen which i3 wvented to
atmosphere after a single pass through the magnet.

Cryogenic Instrumentation

The temperature of the helium In the interconnect
regions at each end of the magnet is monitored with
carbon-glasa® and germanium® resistance thermometers
and with vapor pressure thermometers. The coil on
thia first prototype magnet is wound with flared eonds
("dogbones"},” allowing the placement of 100 ¢, 1/8 W
carbon resistors inslde the ends of the coil. These
resistors meAasure the temperature of the helium
exiting the coll before it is mixed with the mueh
larger flow through the noolant channels in the lron
yoke., Helfum pressure is measured at both ends of the
magnet with strain gage pressure transducers® which
are connected to the magnet by caplllary tubes.
Pressure in the coolant channels at the center of the
magnet  1s measured with a plezoelectric pressure
transducer® operated at 1liquid helium temperature,
Helium flow is monitored by measuring the differential
pressure  across a venturi  located in the feed can.
Half bridge strain gages are mounted on the axial
restraint anchors to measure forces on the magnet. To
monitor the loading of the coil, full bridge strain
gages are mounted on aluminum blocks that are placed
between the collars and the coil about 30 e¢m into the
magnet, .

Data from these and other transducers are
colleacted every 10 minutes by a VAX 11/730 computer
through a relay scanner!® and digital multimeter, '!?
The measurements are converted to physical units,
displayed for the refrigerator operators and recorded
on disk for later analysis. Temperatures in the
interconnect regions and in the dogbone ends of the
coll, pressures in the Interconnect regions and at the
magnet center, and the strains on the center anchors
are also recorded by a fast ADC'? during and
immediately after a quench.

Electriecal Instrumentation

The maln coll is wound in four parts: lower
inner, lower cuter, upper outer and upper inner colls,
For quench detection and analysls, taps on the magnet

allow the monitoring of voltages separately acrass
each quarter coil. In addition voliage taps are
placed across the superconducting part of the power

leads from the feed can to the magnet and across the
trim  coil, current is measured with a 10 p2 shunt!?
and dI/dt is measured with an alr core mutual inductor
(dT/dt  ©oil}) allowing the extraction of the resistive
component of the magnet voltage.

Quenches are detected by four
whose thresholds are shown
protection is provided by an external 0.2 [ dump
resistor and by atrip heatera which run the full
length of the magnet between the outer c¢oil and the
collars at feur azimuthal positions. Normally, two
strip heaters in opposite quadrants are used. The
triggering of the dump and of the protection heaters
may be indepandently delayed to allow study of
"natural" quench development, Relief valves, normally
set to open at 85 psia, are opened electronically
(with an optional delay)} when a quench 13 deferted.
Test quenches may be (nduced by any of four Mspot”
heaters  located along the parting plane between the

circuits
Quench

safety
In Tabie 1.

uppar and lower innes colls approximately 60 em into
the coil {beyond the doghone ends} from esach end.

Voltages across rach main coil quarter, the trim
cnil, the power leads, the AL/Ab ceil, the shunk, the
external dump and  Ehe  sftrip and  spot
digitized during a quench by a fast ADC'? and recorded
con disk by a VAX 171/730 eomputer. An on-line analysia
program checks the data for internal consistenay,
computes maximum total and resistive voltapes for each
quarter c¢oil and computes the time integral of I?
{MIITs) from the time the quench i3 detected. On-line
displays are provided of all electrical and cryogenic
quantlties recorded during a quench,

heaters  are

Table 1

Quench detectlion salaty cirouit thresholds

Lower half coil - Upper half cnil 0.25 Volks
Magnet Lotal voltage 5.5 Volts
Magnet voltage - [ (d1/4L) B.0 Volts®®
Positive - Hegative powsr lead 0.025 Volts
Trim coll voltage 0.5 Volts
Ground Fault Current 3.0 A
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Figure 2. Terperature in the feed and return

interconnect regions as a function of time during the
cooldown of the S5C magnet.

Magnet Cooldown Data

The magnet was cooled to 4.5 over a perlod of
Tive days. Te redure Lhe effect of differential
thermal contracticns the temperature difference

between the two ends of
about 100K. The temperature of the helium supplied to
the magnet was controlled by mixing cold helium from
the refrigerator with room temperaturs helium.
Temperature was further moderated by malintaining the
shell side of the heat exchanger in the feed c¢an at
the temperature of the magnet outlet gaa. Fig. 2
shows the temperature at the two ends of the magnet as
a funetion of time during the cooldown. The measured
strain on the two center anchors is plotted in Fig. 3.
A change of approximately -2000 micro-strain is
predinted from roon temperature to 4.5 due to
differences In thermal contraction among the anchor,
the center post and the magnet. The larger measured
change and the rapid change a8 the magnet approaches
liquld helium tenperalure probably reflect the lack of

the magnet was limited to



perfect temperature compensation in the half bridges.
A number of abrupt changes in strain can be seen,
These occur when the slide mechanism on one of the
outer four posts sticks and then breaks loose. The
largest such step (140 micro-strain) corresponds to
20-25% of the breaklng strength of a post.!®

Stress-strain relatlons for the aluminum blocks
that measure the roil loading were calibrated both at
room temperaturs and at 4.5K before the blocks were
mounted in the coil. At the beginning of the cooldown
the coll pre-stresa was measured to be 3000 psi for
the inner coil and 3500 psi for the cuter coll. The
pre-stress loss in cooling to liquid helium
temperature was 1400 psl in both ecils. Upon warming
the magnet to room temperature after about a month of

testing, both coils returned to their original
pre-stress.
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Figure 3, Strain on the two axial restraint anchors

during cooldown of the 33C magnet.

Magnetic Measurements

The magnetic field quality was measured at
currents up Lo 2000 A before attempting to bring the
magnet to full field. The field strength was measured

with an HMR probe'® while the harmonic content wan
measured with a rotating coil probe called thae
"nole."!7 Because the beam pipe in this magnet is in

contact with the 4.5 helium, a "warm bore" tube must
be inserted inslide the eold bore in order to allow the
use of room tLemperature probes. The warm bara
consists of a Nitronlic 40 stainless steel tube with an
outside diameter of 29.6 mm and a wall thickness of

0.38 mm which ia  wrapped with 20 layers of
superinsulation. The %.6 mm annular space between the
warm and cold bores [s evacuated. The warm bore is
rentered by small cones of glass bhead filled epoxy

attached to the warm bore tube at 1 meter intervals.

Field Strength Measurements

The absoclute Fleld strength was measured using an
NMR probe designed to Flt into the small diameter warm
bore, The probe is similar to those used Yto measure
Tevatron magnets'® bput with a number of differences.
The sensitive material is a gum rubber cylinder 5 mm
in diameter by 15 mm long. The short dimension of the

sample volume 1is Aalong the bore tube direction
alleowing very small structures to be obaerved. The
package 1includea a liall probe which extenda the
dynamic range, allows easier tuning of the HNMR

frequoncy and enables the mapping of the end reglons
of the magnet. An internal dipole cocll may be powered
to align the sample perpendicular to the magnetlc
field, maximizing the signal to nolse ratio, The HMR
frequency i3 converted to gauss in hardware and the
field strength and current are read by a VAX 11/730.
The probe is moved manually through the magnet and
position is read from a fiberglass measuring tape.
The wunecertainty in positlon is estimated to be less
thant 3 mm.

The transfer funetion {(field strength divided by
magnet current) was measured at 1900 A in 2.54 om
intervals. The results are shown in Fig. 4. To check
accuracy and repeatability, almost half the magnet was
seanned a second time in 7.62 om infervals and a
30,48 em region arecund one particularly narrow dip was
measured  a third t.ime in 1,27 cm intervals.
Compariscns of the three socans measures not only the
stabllity of the elegtronies but also the
repratability of the positioning. Tn addition 35
meazurements were taken over a perlod of 13 minutes at
a fixed position and current. From these data, the
rms repeatabllity is estimated to be 25 ppm. Thus,
almost all of the structure observed in Fig. 4 is real
and rapld changes in transfer function over distances
of a few centimeters are easily observed. The most
atriking features are the large dips which occur every
152 om. This length corresponds to a pericdicity In
the press used durfng the curing of the epoxy
impregnated colls which presumably causes amall
variations {n coil dimensions. The absclute accuracy
of the transfer function measurement is dominated by
the uncertainty of approximately 5 x 10-* in the
calibration of the shunt used tc measure the current,
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Figure U, Tranafer funetian (magnetic field astrength

divided by magnet currvent) versus position as measurad
with an NMR probe. Tha origln is at the center of the
magnet and positive poslitions are towards the lead
end.

Harmonic Multipole Measurements

The fleld shape of
generally expressoed in
mul tipole expansion:

aannlerator magnets is
tarms of a two dimensional

: ) n
B, o+ 1B = Bon;‘o(bn i) {(x o+ 1y)/rrer)

is chesen to
used here,

wheros ¢ o in the referppeos rading; Prpf
ba 1 com For 88C magnets. In the notation



the harmonics allowed by the symmetry of the coll are
b with n even. The allowed harmonics, particularly
those of lower order, are expected to have larger
systematic values than the other harmenics and to
display persistent current hysteresia effects.

The mole (see Flg. 5) measures the
content of the magnetic fleld
2,40 om diameter rotating coil.
an alr motor at a

harmonic¢

usihg a H1 om long,
The coll is turned by
speed of one revolution per 3.5
seconds. The probe carries three colls. A small
opening angle tangential coll measures the radial
component of the field, while two bucking coils allow
the dominant dipole term to be subtracted from the
measuring coil slgnal. This allows the extraction of
higher harmonics with a sensitivity of a few parts par
million of the dipole field. The mole assembly also
ineludes a gravity sensor which la coupled to the
enceder that reads coll angle, allowing the dipole
field angle to be measured, The ceil signals are
brought out via slip rings and are measured by three
digital voltmeters.'' A mini-computer'® colleats the
data and extracts the harmonic coefficients. The mole
has been calibrated at 2 T In a large aperture,
harmonic free iron dipele magnet and at 4 T in a
harmonie rich Tevatron magnet. The probe is capable
of measuring fleld angle to several tenths of a
milliradian and harmonics to better than 0.1 unit at
1 cm.

i e — 245 om o

-—61 cm ~u1 11 }
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1. OGravity Sensor f Reducer
2. Precision Encoder 7. Speed Indlicator
3. Tangential Ceil 8. Gas Motor
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5. 81ip Rings 1 Junction Box
MEASUR I NQ
cColL
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BUCK I NG
CoILs
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ENCODER
HP 8836
COMPUTER
(b}

Figure 5. The mole. (a) Longitudinal cross section
showing drive mechanism and reoil  location. {b)
Schematlc transverse ceross sectlon showing coil

azimuthal locations and readout system.

Since there will be approximately 8000 dipoles In
the S3C, it 1is desirable not to test cryogenically
each magnet before Installation in the ring. One  of
the Important tests In the prototyping stage is to
verify that a measurement of the harmonics and field
angle at low current, with the magnet warm and with

the remnant field in the iron not yet set, will
adeqnately predict the hehavior of the magnet at  high
field, Therefore the mole was usaed to measure the
field quality at 10 A before the magnet was cooled and
at 2000 A with the mapgnet at 4.9K. The magnet i3
approximately 17 meters leng while the measuring coll
is 0.61 meters, requiring the firld to be measured at
?8 positions to cover the full length., The central 26
points  are in the body Field region and the two outer
positions characterize the end Tields.

The results, averagnd over the 26 body field
positions, are compared in Table 2, The data have

been  corrected for off-centering of the probe
independently at each position by assuming that any
non-zerg value of the 16-pole term results from

feed-down from the 18-pole.
are the apecifleations??®
Design Group.

Also shown for comparison
given by the 33C Central
¥ith the exception of a, and b,, warm
and cold measurements apgree Wwithin one or two tenths
of a unit. The warm value of b, is 0.7 units larger
than the enld valus beeause, with the large filaments
in the cable uaed in thia magnet (20 micron compared
with 5 mierans in the final design), there is still a
non-zero persistent current contribution to the
sextupnle moment at 2000 A, In fact, hysteresis 1s
ohgerved in all the allowed multipoles (b with n
rvan) and the warm-cold agreement is, in general, not
as good for these as for the disallowed harmonics.
The disagreement in a, 1is not understood. All
harmonics except b, and b, are at or within the
specifications. The large values of these Lwo
coefficients result from known defects in the coil
design and construction which will be corrected in
later magnets. Peoint-to-point variations in harmenice
noefficients have also been investigated and
reasonable uniformity has bhean found. Fig. &
M splays, for example, the values of the normal (b,)
and skew {a,) quadrupcle moments versus position.

Table 2

Harmonie multipole confficlients measured ab 10 A with
the magnet at room temperature ("warm") and at 2000 A
with the magnet at M".SK ("cnid"), compared with
specifications for randem and _systematic  components.
Units for a and bn are 107% cm "

Warm Cold Random Systematic
a; 0.9 0.3 0.7 0.2
a, -0.3 -0,73 0.6 2.1
a, 0.0 0.1 0.7 0.2
a, 0.0 ~0.1 0.2 0.2
ag 0.0 ~0.1 0.2 ---
EW 0.0 0.0 0.1 ---
a, 0.0 0.0 0.2 ---
3, 0.0 0.1 2.1 -
b, 0.1 0.1 0.7 0.2
b, ~11,8 -12.5 2.0 o
b, 0.0 0.0 0.3 0.1
b, 0.1 0.4 0.7 0.2
by 06,0 a,0 0.1 0.02
b, 0.2 0.1 0.2 0.04
b, 0.0 0.0 0.2 0.06
bg 0.8 0.8 0.1 0.1
B,/ 10.33 10.25 G/A
A./B, 4.1 2.7 mrad

Quench_Behavior

After magnetic measurements were completed, the
quench hehavior of the magnet was studied. 3Since this



Wwis the first time a magnet of this deslign was
powerer, a cautious appreach to bringing it to full
firld waz Followed. The current was raiscd in 500 A
steps atarting from 3000 A and several spol  heater
quenches  were lIndaced at  each new ecurrent. Strip
heaters were fired promptly when the guench was
drteated while the dump trigger wan progresniuvely
delayed until the magnet abscrbed all its own  enerey.
{The power supply was phased back promptly in all
cases.) Limits were placed on various quantities to
insure the safety of the magnet (see Table 3); the
procadure was to be modified if {t appeared that any
Limit would be exceeded at the next current.

This program was

carried out at currents of

3000 A and 3500 A. Higher current operation was not
possible because the superconducting part of the
pesitive power lead was found to gquench at 3630 A.

The magnet and feed c¢an have been warmed Lo room
temperature to  allow repair of the power lead and we
expect to bring bthe magnet to full fleld in the near

future, Table 4 summarizes the 3000 A and 3500 A
quenches.
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Table 3

Safety limits for SSC prototype magnet testing

MIITs 19 10%(4) *sec
Total Voltage 2000 V
Reslstive Voltage 3000 ¥
Interconnect Pressure 150 psia
Magnet Center Pressure 250 psia
End-to-end Preasure Difference 50 psi
Force on Center Anchor 6000 1b
Table 4

Summary of Quench Data
Current 3000 3500 A
Detection Time 0.16 0.12 sec
MIITs 6.9 7.8 10%(A)%sec
vmax 32 -3k
(Iﬁ)max 214 335 ¥V
Hmax 165 225 mg

Figures 7-12 summarize data taken from two 3500 A
quenches 1nduced with a spot heater near the return
end., Fig. 7 shows the magnet current and roil
resistance as a function of time. (In all piots of
quench data in thia paper t=0 1a defined to bhe the
time at which the guench was detected. The delay

hetwann the triggering of the spot  heater and  the
detaction of the quench la the "detection time™ quoted
in Table 4.} The temperature of the holium emergling
from the coil, as measured inside the dogbone ends, is
plotted in Fig. 8, while the pressure in the
intereonnent regions Is  displayed in Fig. 9. The
preasura initially falls beeoanse the reliel valves arne
npened when the guench is detected. Az energy is
tranzferred to the helium, the pressure rises rapidly
and then falls. The gtew rise for times later than

five seconds corresponds to the rise in pressure In
the external manifold into which the helfum I=
diroeted, Because the line from the relief valve {o

the interconnect ragion ts shorter at the return  than
at  the feed end, a difference In pressore bhetween the
two onds of about 10 psi cxists for  aboutr
exerting a momentary foree of approximately 1000
pounds on the eold mass. Thr strain on Lhe two  axial
anchors  during the first second i3 displayed in

100 moeo,

Fig. 10, =showing that ¢the «ald mass oscillates
longitudinally as a result of this impulse.
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as a functicn of time. The aquench was 1nduced
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The thbehavior of the magnet in  the
discussed above is dominated by the firing of the
strip heaters. To allow the study of "natural™ gueneh
propagation at 3500 A, one quench was induced in which
the strip heater trigger was delayed by 200 msec after
the quench was detected, The spot heater used to

quenaches

initiate this quench ia located on the parting plann
between the lower and upper inner coils and is in
clogser contact with the lower coil. Thus we expect

the quench to develop last in the upper outer quarter
coil. Fig., 11 shows the difference in voltage between
the twn outer coll quarters, No voltage difference
develeps until 160 msee after the quench is deteoted
when the lower cotl beging to go normal. We are thus
able to use the upper ocuter guarter coll to measure
dI/dt in order to extract the resistive components of
the voltages 1in the inner colls. (This gives a2 less
"nolsy" measure of dI/dt than does the dI/dt coil.}
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Figure 10. Strain on the axial restrain anchors as a

function of time after the quench i3 detected, One
micro-strain corresponds  to a force of approximately
one pound'® on an individual anchor.

The reslstances of the lower inner and upper

inner colls as a function of time are plotted in
Fig. 12. (The "gllteh" at 160 msec orcurs when the
power supply shuts off. s the magnet ourrent s

discharged through Lhe
electrical bus

approximately 10 ma of

betwren the power sapply and the
magnet, the large dI/dh sets up eddy currents in  the
iron yoke that alter the ratio of inner coil ko outer
coll inductance.) Discontinuities in the slepan of
the two curves are apparent at the paints marked by
arrown. These slope chanpgen  oceur  whon the  quench
propagates from one winding Lo the next, increasing
the numher of rcables in which resistance 1is growing.

The time between discontinulities measures  the
transverse quench volocity while the slape, divided by
the number of guenching turns, yields the longitudinail
valocity. The curve for the lower coll can be
followed untll five turnz have quenched, The data are
summarized in Table & and Fig. 13. The longitudinal
and transverse velocitles measured here are similar to
those measured in a test apparatus at Fermilab which
simulates a small length of a magnet?! and in a 4.5 m
model magnet at Brookhaven,??
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Flgure 11, Veltage across  the upper cuter quarter
coll minus the veltage across the lower outer quarter
eoil as a funetion of time after the quench is
detected, The quench was Induced at a current of 3500
A with a spot heater on the parting plane between the
upper and lower inner quarter coils, Twe strip

heaters were triggered 0.2 seconds after the guench
was detected.
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Figure 12, Reslstances of the lower inner quarter

r0oll and the upper inner gquarter ceoll as a funntion of
time after the aquench 1s detected. The quench was
induced at a current of 3500 A with a spet heater on
the parting plane betuween the upper and lower inner
quarter coils, Two strip heaters are triggered 0,72
secands alfter the quench is detercted.



Table S

Longltudinal and transverse guench velocity data, The
longitudinal velocity in meters/second has heen
computed using the measured?' resistance of the Inner
coll cable of 36+1.5 pa/meter and corresponds to the
veloeity of one end of the normal zone.

Lower Inner Coil

Longlitudinal
#Turns Slope At Velocity
1 0.4 mi/sec 50 msec 5.6 m/sec
2 1.0 mit/sec 50 msec 6.7 m/sec
3 1.9 mi/sec 48 msec 8.8 m/3ec
[l 2.8 mo/sec 16 msec 9.8 m/sec
5 L. 4 mp/sec — 12.3 m/sec
Upper Inner Coil
Longitudinal
#Turng Slope At Velocity
1 0.7 mQ/sen 50 masec 9.8 m/sec
2 1.6 mfi/sec 50 msec 11.2 m/sec
15 p-
(; /
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Figure 13. Longitudinal quench propagation velocity
at 3500 A as a function of time after the quench is
induced. Velccity corresponds to the propagatlcon of a
single normal =zone front. Data from the lower coil
are plotted as "." while those from the wupper coil
are plotted as "x."
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